Abstract We present a new method that can be used to quantitatively evaluate the consistency between balanced section restorations and thermochronological data sets from orogenic belts. We have applied our method to a crustal-scale area-balanced cross-section restoration along a profile in the Central Pyrenees. This restoration is well constrained and supported by a wide variety of geological and geophysical data. Moreover, an extensive thermochronological data set has been collected independently in the area. We use the structural-kinematic software 2D-Move ™ to constrain a set of velocity fields that describes the kinematics of the Central Pyrenees. Using these velocity fields as input for the thermokinematic code PECUBE, we derive predictions of the thermal history and a range of thermochronometric ages for the modeled area. We find that the kinematic history of the belt as inferred from section balancing is in good agreement with the published thermochronological data. High-temperature (zircon fission-track and K-feldspar Ar-Ar) data constrain the thermal structure of the belt as well as the timing of underplating. Low-temperature (apatite fission-track and (U-Th)/He) data require late synorogenic sedimentary burial of the southern flank of the Pyrenees between late Eocene (40 Ma) to late Miocene (9 Ma) times, consistent with previous studies, and imply that no such burial occurred on the northern flank.
Introduction
Crustal-scale balanced cross-section restorations synthesize our knowledge about the structural-kinematic history of a mountain belt. Although the method had been used previously, the basic principles of creating a balanced cross section were thoroughly discussed for the first time by Dahlstrom [1969] . Crustal-scale restorations require understanding not just the present-day geology and the history of the area in question but also the processes acting on the deep structures as well as those playing a role in the formation of topography. The synthesis of all available geological and geophysical data is essential to allow maximum constraint on the restoration. Section restorations based on deep seismic profiles have been published for the Alps [e.g., Roure et al., 1996; Schmid et al., 1996] , the Canadian Rocky Mountains [e.g., Cook et al., 1992] , and the Pyrenees [e.g., Muñoz, 1992; Séguret and Daignières, 1986] , while, more recently, restorations based mainly on geologic data have been compiled for the Andes [e.g., McQuarrie, 2002; McQuarrie et al., 2008] and the Himalaya [e.g., DeCelles et al., 2001; Long et al., 2011; Robinson et al., 2006] among others.
Additional and independent constraints on orogen kinematics are provided by thermochronology data, which record exhumation of rocks in response to tectonic thickening, rock uplift, and erosion [e.g., Braun et al., 2006; Reiners and Brandon, 2006] . Such data can therefore, in principle, be used to discriminate between competing kinematic models for orogens [e.g., Herman et al., 2010; Robert et al., 2011] or to provide additional temporal constraints on balanced section restorations [e.g., Long et al., 2012; McQuarrie et al., 2008] . Conversely, the kinematics implied by such restorations can be used to predict thermal history and thermochronologic age patterns in, for instance, foreland fold-and-thrust belts [Lock and Willett, 2008; ter Voorde et al., 2004] .
However, these two approaches to decipher orogen kinematics generally remain detached from each other and no quantitative, internally consistent framework exists as yet to fully integrate the two. In this study, we propose such a methodology and quantitatively evaluate the consistency of a balanced cross-section restoration of the Central Pyrenees, based on Muñoz [1992] and Beaumont et al. [2000] , with independent thermochronological data for a range of systems with different closure temperatures. The Central Pyrenees constitute an ideal test case to validate our methodology, as the existing balanced cross section is well constrained by a wide range of geological and geophysical data but does not incorporate the more recently collected extensive thermochronological database (see details and references in the next section). The method can be applied to other orogenic belts where fewer constraints exist to evaluate the consistency of proposed cross-section restorations with available thermochronology data or to provide additional temporal constraints on such restorations.
Geological Setting

The Pyrenean Orogen
The Pyrenees (Figure 1 ) are a collisional orogen formed by Late Cretaceous (90 Ma) to early Miocene (20 Ma) convergence between the Iberian and European Plates [Roest and Srivastava, 1991; Rosenbaum et al., 2002; Vissers and Meijer, 2012] . According to these plate-kinematic analyses, the convergence rate reached its peak during the Eocene to . The range is dominated by inversion tectonics owing to thrusting along preexisting extensional structures (Figure 2 ). These structures were originally formed during Triassic to Cretaceous rifting and transtension associated with anticlockwise rotation of the Iberian Plate with respect to Europe and consequent opening of the Bay of Biscay [Roest and Srivastava, 1991; Rosenbaum et al., 2002] .
The asymmetrical Pyrenean orogen resulted from northward underthrusting of the Iberian crust below the European crust, resulting in a wide southern prowedge and a narrower northern retrowedge (Figure 2 ). In the center of the belt, the Axial Zone comprises a south vergent antiformal stack of upper crustal thrust sheets [Muñoz, 1992] . The Axial Zone is flanked by the South Pyrenean Unit toward the south and the North Pyrenean Unit toward the north, respectively. The South Pyrenean Unit is a fold-and-thrust belt consisting of Mesozoic and Cenozoic sedimentary rocks, while in the North Pyrenean Unit, basement and cover rocks form north vergent thrust sheets and pop-up structures [Muñoz, 1992; Capote et al., 2002] . The Pyrenees are flanked by the Ebro and the Aquitaine foreland basins toward the south and north, respectively (Figures 1 and 2 ).
Our study area is located in the Central Pyrenees, along the Etude Continentale et Océanique par Reflexion et Refraction Sismique (ECORS) deep seismic profile [ECORS Pyrenees Team, 1988] (Figure 1 ). Although we have used the entire section to constrain the velocity fields in the structural-kinematic model, the thermokinematic models cover only the Axial Zone and the North Pyrenean Unit, as the bulk of the published thermochronological data has been collected in these areas. 
Structural Evolution of the Pyrenees
The kinematics are well constrained in the South Pyrenean Unit as the tectonic evolution is exceptionally well recorded by syntectonic sediments [e.g., Muñoz, 1992; Puigdefabregas et al., 1986 Puigdefabregas et al., , 1992 Vergés and Muñoz, 1990] . The evolution of the Axial Zone has been inferred from correlation of its thrust sheets with those in the South Pyrenean Unit, while that of the North Pyrenean Unit is less well constrained.
The South Pyrenean Unit is made up of three thin-skinned thrust sheets (from south to north, the Sierras Marginales, Montsec, and Bóixols; Figure 2 ), which have been emplaced on top of a detachment located in Upper Triassic evaporites in a southward propagating deformation sequence [Muñoz, 1992] . The Bóixols thrust was activated during the Maastrichtian (from~70-65 Ma), as indicated by the overlying syntectonic sequences. Deformation stepped onto the Montsec thrust during the Ypresian (~55 Ma). Finally, the Sierras Marginales unit was activated between the early and late Eocene (50-40 Ma). The forward propagation of deformation in the South Pyrenean Unit was modified during the last (late Eocene) stage of the thrust belt evolution by break-back reactivation of the older thrusts and by the development of new, minor out-of-sequence thrusts, possibly in response to rapid accumulation of syntectonic sediments [Capote et al., 2002; Fillon et al., 2013] . The northern fault contact of the Bóixols thrust sheet is the Morreres back thrust, which has been interpreted as a passive roof thrust [Muñoz, 1992] .
The antiformal stack of the Axial Zone involves upper to middle crustal rocks and consists of three thrust sheets: Nogueres, Orri, and Rialp (Figure 2 ). These units were initially juxtaposed and separated by extensional faults before the onset of thrusting [Muñoz, 1992] . The highly eroded Nogueres thrust sheet is the uppermost of the three units. Its frontal tip has been preserved in the southern limb of the antiformal stack and is known as the Nogueres Zone, while its root-zone crops out in the northern part of the Axial Zone [Muñoz, 1992] . Thrusting of the Nogueres unit over the Orri unit took place between the Late Cretaceous and the early Eocene (90-50 Ma). Deformation subsequently stepped onto another Mesozoic extensional fault, causing the Orri unit to overthrust the Rialp unit during the middle to late Eocene (50-36 Ma). Finally, deformation shifted again to create the Rialp thrust sheet between the middle Eocene and the late Oligocene (36-20 Ma) [Capote et al., 2002; Metcalf et al., 2009] .
North of the Axial Zone in the North Pyrenean Unit, very steep, north vergent thrust sheets, and pop-up structures involve basement and Mesozoic cover rocks in both their footwalls and hanging walls. Most of the orogenic displacement in the North Pyrenean Unit occurred along the North Pyrenean Frontal Thrust, while the steep faults observed in the basement were probably not strongly reactivated during the Pyrenean orogeny. They may represent either contractional Hercynian structures or younger, extensional pre-Pyrenean fault zones [Capote et al., 2002] . As the timing of the deformation along the subvertical faults is very difficult to assess, the structural history of North Pyrenean Unit remains controversial [ECORS Pyrenees Team, 1988] .
Thermochronology Data
Altogether, 72 published thermochronometric ages have been used from 48 different locations to test the predictions of the thermokinematic models: 39 apatite fission-track (AFT) ages, 26 apatite (U-Th)/He (AHe) ages, 4 zircon fission-track (ZFT) ages, and 3 time-temperature models extracted from K-feldspar 40 Ar/ 39 Ar degassing experiments [Fitzgerald et al., 1999; Gibson et al., 2007; Metcalf et al., 2009; Sinclair et al., 2005] . The samples were collected along two age-elevation profiles in the Maladeta massif, one profile in the Barruera block, one profile in the Marimaña massif, and one profile in the Lacourt massif (Figures 1 and 3 ). Individual samples were also collected from the Nogueres Zone along the southernmost edge of the Axial Zone. The Maladeta and Barruera profiles are located in the Orri thrust sheet, whereas the Marimaña profile is located in the Nogueres thrust sheet, in the hanging wall of the Gavarnie thrust ( Figure 1 ). The Nogueres samples come from the southern frontal zone of the Nogueres thrust sheet. The Lacourt profile is located within the southern part of the Arize block ( Figure 3 ) and is the only profile located in the North Pyrenean Unit. The samples in the Maladeta, Barruera, Marimaña, and Lacourt profiles were collected from Hercynian granitic plutons, while the samples in the Nogueres Zone are from Cambrian to Triassic volcanic rocks.
The profiles line up along two different trends (Figure 3 ). The Nogueres, Barruera, Maladeta, and Marimaña profiles show an almost vertical age-elevation trend at elevations above 1500 m, suggesting rapid exhumation around 30-40 Ma [e.g., Fillon and van der Beek, 2012; Fitzgerald et al., 1999; Sinclair et al., 2005] . The lower elevation samples of these profiles line up along a gentler slope on the age-elevation plots, suggesting decreased erosion rates from 30 Ma to around 20 Ma. The Lacourt profile spans only a few hundred meters of relief and does not show a clear age-elevation relationship; AFT ages for these samples are 50-55 Ma, significantly older than those from the other profiles.
The Barruera profile is located very close to the western Maladeta profile, but both the AFT and the AHe samples yield systematically younger ages than samples in the Maladeta profile from similar elevations. The significance and the cause of this difference are not yet fully understood. Recently, Rushlow et al. [2013] have suggested that a late stage of focused denudation affected the southern flank of the Axial Zone in response to either disturbance of the critical taper by syntectonic sedimentation in the South Pyrenean Unit or a regional climate shift.
Tectonics
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Samples in the Marimaña profile that provided both AFT and AHe ages yielded AHe ages that are within uncertainty of or slightly older than the respective AFT ages [Gibson et al., 2007] ; this is also the case for some of the Maladeta profile samples reported by these authors. The significance of these ages also remains unclear; they might have been affected by either minute (U-Th)-rich inclusions or implantation of He from surrounding minerals but could also indicate extremely rapid cooling through both the AFT and AHe closure temperatures. We have therefore chosen to include all available data in the data set that we will compare to our forward model predictions. The peak burial temperature for the two lower-elevation samples is around 280°C, while for the highest elevation sample it is around 175°C. The latter estimate is, however, probably less well constrained as it is at the lowermost end of the sensitivity of the K-feldspar 40 Ar/ 39 Ar thermochronometer [Metcalf et al., 2009] . Sinclair et al. [2005] published four ZFT ages-one from the Nogueres, Barruera, Maladeta, and Marimaña massifs each-that range from 49.3 ± 2.6 Ma to 159 ± 33 Ma, implying that total exhumation since 50 Ma (the starting time of our thermokinematic models) was not sufficient to bring rocks with fully reset ZFT ages to the surface.
Methodology
The proposed method links a two-dimensional structural-kinematic restoration model with a three-dimensional thermokinematic model that is capable of predicting cooling ages for a range of thermochronometers ( Figure 4 ). We use velocity fields derived from the structural-kinematic model to advect material in the thermokinematic model. This allows us to predict thermochronometric ages and compare them quantitatively with the available observations. Our method is somewhat similar to the approach presented by Lock and Willett Tectonics 10.1002/2013TC003481 [2008] , who aimed to predict low-temperature thermochronometric ages in fold-and-thrust belts, although our thermokinematic and age-prediction models are significantly more elaborate.
Calculating Velocity Fields
A conventional section restoration, such as the one presented by Muñoz [1992] for the Central Pyrenees (Figure 2 ), consists of several time slices representing the structure of a crustal section at different times.
Extracting kinematics from such a restoration requires tracking particle paths from one time slice to another, which can be achieved by quantitative structural-kinematic modeling packages. As the geological and geophysical constraints on the restoration of the section only apply to the present day, we have chosen to carry out the structural-kinematic modeling starting with this section. Our starting point is thus a model representing the present state of the section that we created using the structural-kinematic modeling software 2D-Move ™ (Midland Valley Ltd). Using the constraints derived from the section restoration on the timing and the amount of displacement along the active faults, all the crustal blocks can be moved from their position on any particular time slice to their position on the time slice directly predating it. In theory, this procedure can be repeated for an indefinite number of time slices.
In 2D-Move, the deformation within hanging wall beds resulting from movement over a fault plane can be modeled using various algorithms. We have tested the different available options, but only the simple-shear algorithm proved to be capable of handling the geometric complexity of our model. The algorithm predicts the deformation of the hanging wall using the shape of the underlying fault while leaving the footwall undeformed [Withjack and Peterson, 1993] . The deformation fulfills the condition of volume conservation (or area conservation, in case of a 2-D section assuming plane strain) and is calculated according to the "velocity method" [Waltham and Hardy, 1995] . This method provides the rate and direction of particle movement in a model calculated with the "isogon method" of Waltham [1989] and shifts the points of the model accordingly [ter Voorde et al., 2004] . An alternative option available in 2D-Move is the fault-parallel flow algorithm, which is a more appropriate choice for the reconstruction of individual units within a compressional setting, as it is designed to kinematically model geological structures in the hanging wall where deformation is accommodated by fault-parallel shear [Egan et al., 1999] . However, our aim was to model the section reconstruction as a whole, and the fault-parallel flow algorithm is less suitable for this purpose as it operates with angular shear (also known as back shear) to maintain constant bed thickness, which creates significant deformation in the far field [see Egan et al., 1999 , and references therein].
The input parameters of the simple-shear algorithm are the amount of displacement, the direction of movement along the active fault and the angle of the applied shear. In 2D-Move, movements along different faults cannot be applied simultaneously, which means that all fault motions must be applied sequentially. The order in which fault movements are applied within any particular step of the reconstruction is inconsequential.
Since the simple-shear algorithm leaves the footwall of the active fault undeformed, the flexural-slip unfolding algorithm has been used to simulate the changes in the shape of the main crustal decollement from one time slice to the other. This algorithm divides the section into thin vertical strips that can be freely translated along their boundaries in the vertical direction. With this method, a chosen horizon (in our case the main decollement on the present-day time slice) can be unfolded to a target line (in our case a line following the shape of the decollement on the predating time slice). It is important to note that the flexural-slip unfolding algorithm conserves area.
We have consistently used the simple-shear algorithm with vertical shear direction, as that is the simplest and most reliable option available in 2D-Move. In this setup the displacement isogons (lines joining points with identical displacement vectors) are vertical [Waltham, 1989] . This means that the hanging wall is deformed as if it was cut into thin, vertical columns, and translated on top of the undeforming footwall. For the simpleshear algorithm to work properly, the active fault has to extend all the way below the hanging wall. Since the decollement depicted on the reconstruction of Figure 2 ends in a steep subduction zone, it has been smoothly transitioned in our model into a horizontal fault deep in the mantle.
As the deformation of the hanging wall depends on the shape of the active fault below, the extension of the decollement below the northern part of the section induces undesired deformation of the hanging wall north of the S point. To restore this deformation we have used the flexural-slip unfolding algorithm. The 0 m elevation line of the starting time slice is tracked along with the modeled horizons. After resolving all fault-related deformation, we have used this 0 m elevation line as the unfolding horizon. The target horizon is a smooth downward convex line, representing the material eroded during the time interval in question. It is defined so that the area enclosed by this line and the 0 m elevation line of the target time slice is equal to the measured difference in area of the upper crust between the starting and the target time slices. The exact shape of the target line is picked to achieve the best geometrical match between the model and the target restoration ( Figure 2 ).
Tracking of particle motion within the crustal blocks is achieved by the introduction of a marker cloud with unique identifiers for each point in the cloud. These markers are advected along with the material through time. A displacement vector can be derived from the starting and final position of each marker point for each time interval (i.e., the time spent between two subsequent time slices). Subsequently, a velocity field can be created for each time interval by dividing the resulting displacement vectors by the length of the time interval. Note that this approach may lead to velocity fields that largely simplify particle paths within blocks that are moving along curved faults.
A detailed description of the structural-kinematic modeling carried out on the case study of the Central Pyrenees is provided in the supporting information.
Thermokinematic Modeling
The result of the structural-kinematic modeling consists of a set of velocity fields, each describing the deformation pattern for one time interval of the section restoration. These velocity fields serve as input for the thermokinematic model PECUBE [Braun, 2003; see also Braun et al., 2012] .
PECUBE is designed to solve the three-dimensional heat-transport equation in a crustal block submitted to a specific tectonic and topographic scenario. The code uses a finite-element approach to derive the time-temperature (t-T) paths of individual rock particles ending up at the surface at the end of the model run. These t-T paths are subsequently used to compute apparent ages for a range of thermochronometers, using standard thermochronological age-prediction models [Braun et al., 2012] .
We have implemented a new feature in PECUBE so that it can use a set of velocity fields as input files for the calculation of particle paths. The standard kinematic input for PECUBE consists, for each modeled time step, of a fault geometry and the velocities of the hanging wall and footwall with respect to the fault [cf. Braun et al., 2012] . We have replaced this input by a set of velocity vectors derived from the structural-kinematic model for each time step. The two-dimensional velocity fields derived from the structural-kinematic modeling are extrapolated in the third dimension, normal to the section, to allow direct comparison with the observed thermochronological data and correctly take into account the influence of topography.
Since the calculated t-T paths are highly sensitive to surface topography, the predicted thermochronological ages will be affected by the implemented topographic evolution scenario [Braun, 2002; Braun et al., 2006] . The influence of the surface topography is strongest for thermochronometric systems characterized by low closure-temperature (e.g., apatite fission-track and (U-Th)/He systems) [Braun et al., 2006] . Since the paleotopography of a mountain belt is extremely difficult to determine, it is common practice to use the present-day surface topography throughout the modeled time period, thereby supposing topographic steady state [e.g., Herman et al., 2010; Robert et al., 2011; Whipp et al., 2007] . In case this simplification is not sufficient, PECUBE includes a set of options allowing simple parametric amplification or reduction of the topography [e.g., Glotzbach et al., 2011; Valla et al., 2010] . Basic sedimentation scenarios can also be implemented [Fillon and van der Beek, 2012] . These options enable testing different topographic evolution scenarios for the same set of velocity fields. In our models, we have used a digital elevation model of the present-day surface topography downgraded to a resolution of 300 m. The crustal blocks and the deposits have spatially uniform material properties, typical for the continental crust (Table 1) . For a more detailed description of the use of PECUBE we refer the reader to Braun [2003] and Braun et al. [2012] .
Thermochronometric Age Predictions
PECUBE predicts thermochronometric ages from the time-temperature histories of rock particles using forward kinetic models [Braun et al., 2012] . Apatite (U-Th)/He (AHe) ages are predicted using the numerical scheme presented in Wolf et al. [1998] and the kinetic parameters proposed by Farley [2000] . Apatite (AFT) and zircon (ZFT) fission-track ages can be predicted using several different models and parameterizations. For AFT ages, we have used the model presented by Green et al. [1989] with kinetic parameters modified by Stephenson et al. [2006] , while for the ZFT system we have used, the annealing model of Galbraith and Laslett [1997] with the annealing parameters proposed by Rahn et al. [2004] . We acknowledge that more elaborate models exist both for AFT and AHe age predictions [e.g., Flowers et al., 2009; Gautheron et al., 2009; Ketcham et al., 2007] , which take into account compositional controls on annealing/diffusion rates. However, as Fillon and van der Beek [2012] pointed out previously, the characteristics of the observational data set justify the use of the simpler age-prediction models. In particular, for the AHe data Gibson et al. [2007] and Metcalf et al. [2009] reported effective uranium concentrations of a few tens of ppm, which is within the range where the kinetic parameters of Farley [2000] can be used [Flowers et al., 2009; Gautheron et al., 2009] . As concerns the AFT data, Gibson et al. [2007] , Metcalf et al. [2009] , and Sinclair et al. [2005] reported kinetic indicators close to that of Durango apatite, on which the kinetic parameters of Stephenson et al. [2006] have been calibrated. Moreover, the rapid cooling inferred from the age-elevation profiles (cf. section 2.3) will minimize any compositional effects on the AFT and AHe ages.
To evaluate the consistency of the restoration with the observed data, predicted thermochronological ages at the sampling location are extracted by interpolation and are compared to the observed ages. An objective function that takes into account the error on the observed ages allows quantifying the fit between the predicted and observed ages [Glotzbach et al., 2011] . The resolution with which the input parameters of the forward models are constrained could, in principle, be assessed by inverse modeling [cf. Braun et al., 2012; Glotzbach et al., 2011; Valla et al., 2010] , but these require running large numbers of individual forward models with slightly varying parameters, which is not possible in this case due to the complexity of the structural-kinematic model.
For the available K-feldspar 40 Ar/ 39 Ar data, we have used the thermal histories predicted by multidiffusion domain modeling presented in Metcalf et al. [2009] . We compare these t-T paths qualitatively to the t-T paths extracted from our PECUBE models.
Results
Structural-Kinematic Modeling Results
The objective of the structural-kinematic modeling was to reproduce the section restoration presented by Muñoz [1992] , in order to verify that it can be quantitatively balanced and to derive a set of velocity fields describing the movement of the crustal blocks through time. The results of the modeling are compared with the original restoration in Figure 5 . The model matches the restoration well for the 30 Ma and the 36 Ma time slices, except for the detailed geometry of the Axial Zone thrust sheets discussed below, but for the 50 Ma time slice, the mismatch becomes significant. The Muñoz [1992] restoration implies internal deformation of the Orri thrust sheet between 36 Ma and 50 Ma, thinning and elongating it significantly during retrodeformation. As a result, our model requires less convergence for the restoration of the Orri thrust sheet than the original reconstruction. Moreover, the Muñoz [1992] restoration implies 20% thickening of the Nogueres thrust sheet by internal deformation between 50 Ma and 60 Ma. Due to the accumulation of internal deformation and the uncertainties arising from the drawing method, such as the small changes in the area of crustal blocks, we could not restore the section beyond its 50 Ma state.
Thermokinematic Modeling Results
All the presented thermokinematic models utilize the same set of displacement fields derived from the structural-kinematic modeling. Material and thermal properties used in the thermokinematic modeling are given in Table 1 . The t-T paths predicted for the locations of K-feldspar 40 Ar/ 39 Ar samples are plotted together with the t-T histories inferred by Metcalf et al. [2009] in Figure 6 , while the predicted AFT and AHe ages are plotted together with the observed ages in age-elevation plots (Figures 7 and 9 ).
Reference Model
In the reference model, the present-day topography is kept constant through time, while adopted thermal parameters were the same as those used previously by Fillon and van der Beek [2012] .
The reference model does not predict reset ZFT ages in the Nogueres and Marimaña massifs, but the two samples from the southern side of the Orri thrust sheet (from the Maladeta and Barruera units) have predicted ages of~46 Ma, in contrast to observed ages of 49 and 104 Ma, respectively [Sinclair et al., 2005] ; the model therefore predicts these to have cooled from somewhat too high temperatures.
The t-T paths corresponding to the K-feldspar 40 Ar/ 39 Ar samples record rapid exhumation between 50 Ma and 20 Ma (Figure 6 ). The calculated t-T paths fit reasonably for the two lower elevation samples (PY55 and PY56) matching the peak burial temperature, while for the third sample (PY63), the predicted peak burial temperature is much higher than that extracted from the original data.
The AFT and AHe ages predicted by the reference model (Figure 7 ) for the profiles in the Axial Zone line up along subvertical trends and show ages between 33 and 27 Ma and between 26 and 22 Ma, respectively, caused by very rapid exhumation. This rapid exhumation results from underplating of the Nogueres and Orri thrust sheets by the Rialp thrust sheet between 36 and 20 Ma (Figure 5 ; cf. supporting information for details).
For the Lacourt profile, the reference model predicts AFT ages around 50 Ma; the samples in this area have been exhumed from shallow depths and are only partially reset.
While predicted AFT ages from the Nogueres block (Figure 7a ) are systematically older than the observed ages for the reference model, the predictions fit the Maladeta and Marimaña profile data reasonably well, especially for the samples taken from higher elevations (Figures 7b and 7c ). For the Lacourt profile, the AFT-age predictions also fit the observed ages well (Figure 7c) . Overall, 15 out of 40 AFT ages fit the observed ages to within 1σ error and 28 to within 2σ. The fit to the AHe data is less satisfactory, with only 8 out of 27 AHe ages fitted to within 1σ.The predictions of the reference model fit the higher-elevation AHe samples reasonably well, but they are systematically older than the observed ages for the lower elevation samples (Figure 7d ). The predicted ages are significantly younger than the measured AHe ages from the Marimaña profile, as well as some from the East Maladeta profile reported in Gibson et al. [2007] , suggesting that these data might be problematic (see also section 2.3).
In summary, the reference model predicts exhumation from somewhat too high temperatures for the ZFT data and one K-feldspar 40 Ar/ 39 Ar sample, suggesting that it either overpredicts the amount of exhumation or that the adopted thermal structure is not optimal. It also systematically overpredicts AFT and AHe ages for the lower elevation samples (with the exception of the Lacourt profile), while fitting the higher-elevation samples. This discrepancy may point to significant changes in topography between the active orogenic phase and the present day. We address both these issues in the following sections.
Parameter Sensitivity Analysis
We have carried out a simple sensitivity analysis to test whether we can improve the fit of the hightemperature (K-feldspar 40 Ar/ 39 Ar and ZFT) thermochronometers, while not deteriorating the fit of the lowtemperature (AFT and AHe) thermochronometers. We have varied the crustal heat production and the basal temperature while keeping the surface heat flow and the corresponding geothermal gradient close to the present-day values of 70 mW m À2 and 33°C km À1 measured in the foreland basins [e.g., Fernandez and Banda, 1989; Fernandez et al., 1998 ].
The time-temperature models extracted from K-feldspar 40 Ar/ 39 Ar degassing experiments by Metcalf et al.
[2009] show an onset of rapid cooling at around 45 Ma rather than 50 Ma (Figure 6 ). To test whether this apparent misfit between the observed and predicted onset of exhumation can be reduced, we have also run a set of models where we have modified the starting time to be 45 Ma, while adjusting the velocities for the first phase accordingly.
To evaluate the difference between the modeled and observed ages quantitatively and thus find the best fitting thermal parameters, we have used the objective function defined by Glotzbach et al. [2011] :
where μ is the misfit value, n is the number of data points, and for each data point i, o i is the observed value, m i is the modeled value, and σ i is the observed error. The results of the parameter test are presented for the high-temperature data in Figure 8 ; a full set of misfit values can be found in the supporting information (Table S2) . Note, however, that the overall misfit is strongly controlled by the misfit to the AHe data. The high-temperature data clearly suggest a cooler thermal structure than our initial guess: models with a basal temperature of 570°C and crustal heat production of 0.8 μW m À3 provide the best fits to both the ZFT and the 40 Ar/ 39 Ar data; there is a strong positive correlation between misfit and both basal temperature and heat production. Interestingly, the ZFT data seem to prefer the later onset of exhumation (45 Ma) although this is not so clearly shown by the 40 Ar/ 39 Ar data. The low-temperature data show more complex trends, but their dependence on the thermal structure is less pronounced than that of the high-temperature data.
Topographic Evolution Scenario
In an attempt to improve our predictions for the lower elevation AFT and AHe samples, we have implemented the topographic evolution scenario suggested by Coney et al. [1996] and Fitzgerald et al. [1999] . In this scenario, the Ebro foreland basin and the South Pyrenean Unit were backfilled and buried by late-orogenic continental conglomerates in the late Eocene to Oligocene. Coney et al. [1996] suggested that, starting in the late Miocene, the Pyrenees were reexhumed by erosional excavation to the present relief. Recently, Fillon and van der Beek [2012] quantified the timing and amount of backfilling from thermokinematic modeling of the same AFT and AHe data set as that used here. They propose that the sediments gradually filled the valleys of the prowedge up to about 2.6 km elevation between 40 Ma and 29 Ma. This valley fill remained stable until about 9 Ma, when the valleys were gradually reexcavated in response to regressive erosion. We have used the values provided by Fillon and van der Beek [2012] to model the topographic evolution.
The imposed changes in topography have little effect on the predicted high-temperature thermochronometers; the ZFT samples show only partially reset ages, and the t-T paths corresponding to the K-feldspar
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Ar/ 39 Ar samples show very similar characteristics to those predicted by the reference model, in terms of the peak temperature experienced during the model time ( Figure 6 ). However, the imposed topographic scenario significantly improves the fit of the predicted AFT ages in the Nogueres Zone ( Figure 9a and Table S2 ). The improvement is also evident for some of the lower elevation samples from the Maladeta and Barruera profiles, while the fit of higher-elevation samples from the Maladeta and Marimaña massifs does not change dramatically (Figures 9b and 9c ). For the samples from the Lacourt profile, north of the drainage divide, keeping the present-day topography constant throughout the modeled time period provides the best fit to the data. This is an expected outcome, as there is no evidence for synorogenic or postorogenic burial of the northern flank of the orogen. Imposing an evolving postorogenic topography also improves the fit of the AHe age predictions for most of the lower elevation samples in the Maladeta and Barruera profiles, although it increased the misfit for some of the higher-elevation samples (Figure 9d ).
Discussion
Limitations of the Approach
Before starting the interpretation of our results, it is essential to discuss the limitations of the proposed method and explore their possible effects on our findings.
Most balanced section restorations are drawn by hand and minor inaccuracies can lead to inconsistencies in the shapes of crustal blocks. The eclectic shifting of the North Pyrenean subvertical faults through time (Figure 2 ) provides an example of the possible inconsistencies arising from the hand-drawn nature of the restoration. While the structural-kinematic models are internally consistent, they also represent a simplification with respect to the original hand-restored cross-section. However, the generation of a set of consistent, quantitative velocity fields is required for using PECUBE and implies the use of a quantitative restoration tool such as 2D-Move.
Movements along faults with highly complex geometries are modeled with simple shear. This simple algorithm models deformation of the hanging wall by moving each point by the same horizontal distance following a path parallel to the fault [Waltham, 1989; White et al., 1986] . The algorithm is generally applicable for a wide range of fault kinematics. However, the method is incapable of handling internal (pure-shear) deformation of the blocks. Processes such as internal thickening and thinning cannot be reproduced with this model. The reconstruction presented by Muñoz [1992] displays significant internal thickening of the Nogueres thrust sheet (Figure 2 ), preventing the assessment of the pre-50 Ma reconstruction.
The use of the vectorial sum of the displacements to calculate the velocity field in each of the time intervals means that it is impossible to separate the effect of rapid, short-lived faulting events from the effect of those that were active throughout the entire interval. This implies that if the time intervals of the restoration are long, a relatively short faulting event with high exhumation rates and a longer faulting event with lower exhumation rates will yield similar velocity fields. The length of the time intervals is limited by the temporal resolution of the modeled section restoration. In our case the temporal resolution of the section restoration is mainly dictated by the sedimentary record in the southern Pyrenean fold-and-thrust belt [Muñoz, 1992; Beaumont et al., 2000] .
While the age-prediction models-especially those for the low-temperature thermochronometers-are sensitive to the topographic changes, the paleotopography is hard to reconstruct with reasonable accuracy. In the presented case study, a very simple topographic evolution model has been implemented. The only currently available data that constrain the paleotopography of the Pyrenees suggest that they rose to their current elevation during the Eocene, between~49 and~41 Ma [Huyghe et al., 2012] . We have therefore assumed the initial topography to be the same as the present-day topography. In addition, the evolution of morphology and relief is rather simple, as we only impose a changing minimum elevation of the topography. This means that the model linearly fills up or erodes the topography to the specified minimum elevation (see Fillon and van der Beek [2012] for a detailed discussion). Published provenance data for the preserved lateorogenic conglomerates suggest that planform drainage patterns have been relatively stable since the Eocene on the southern flank of the Pyrenees [Vincent, 2001] , and while there is no such evidence from the northern flank, the limited tectonic activity of the retrowedge also supports our simplified topographic evolution history.
Finally, it is necessary to point out that velocity fields derived with the same method from a different restoration could also provide predictions that would fit the observations. This nonuniqueness means that by using the method, it is possible to invalidate a restoration, but it is not possible to tell if a restoration that is consistent with the thermochronological data is absolutely correct. To use the words of Oreskes et al. [1994] , "confirming observations do not demonstrate the veracity of a model hypothesis, they only support its probability."
Viability of the Section Reconstruction
It is essential to show that the section reconstruction is kinematically viable, before proceeding with the thermokinematic modeling and the evaluation of its consistency with the available thermochronological data.
In our case study, we had to make a number of minor modifications on the present-day time slice in order to be able to reproduce the general features of the 30 Ma and 36 Ma time slices of the section restoration ( Figure 5 ). A detailed description of these modifications can be found in the supporting information. The internal deformation of the Orri thrust sheet implied by the section restoration between 36 Ma and 50 Ma made it difficult to reproduce the 50 Ma time slice with high accuracy. The elongation and thinning of the Orri thrust sheet on the original restoration resulted in more displacement along the basal decollement and significantly more contraction along the section than we infer from our section balancing ( Figure 5 ). Despite the obvious discrepancies between the original restoration and our modeling, we have included the 50 Ma time slice in our thermokinematic modeling, as it captures the general features (e.g., the juxtaposition of the Orri and the Rialp blocks and the shallow position of the Orri thrust sheet) reasonably well. The inclusion of the 50 Ma time slice is important for the thermokinematic modeling, as it is required to predict the ages of the available high-temperature (ZFT and K-feldspar 40 Ar/ 39 Ar) thermochronometers.
The 20% thickening of the Nogueres thrust sheet resulting from internal deformation between 50 Ma and 60 Ma (Figure 2 ) prevents the assessment of the section reconstruction beyond the 50 Ma time slice.
Implications of the Thermokinematic Modeling
Despite its limitations, the proposed method is capable of quantitatively evaluating a section restoration using both low-and high-temperature thermochronology data, providing an independent test on the consistency of both data sets. In case of the Pyrenees, the different deformation events are very well constrained owing to the large amount of geological and geophysical data and the unusually well-preserved thrust structures and related synorogenic sediments. In other geological settings, the method described here can help to test different hypotheses on the timing of deformation phases, or on structural interpretations, by quantitative comparison of different scenarios with available thermochronology data sets.
In our case study, the kinematic history inferred from the balanced section restoration is compatible with the available thermochronological data sets. The two predicted reset ZFT ages are not significantly younger than the model time suggesting that they might be only partially reset; a feature that is notoriously difficult to identify, as ZFT data usually do not include a kinetic parameter. Moreover, reset ZFT ages have been reported locally from Axial Zone massifs to the east and west of our study area (e.g., Canigou, Néouvieille) [cf. Whitchurch et al., 2011, and references therein] . Out of the three t-T paths inferred from K-feldspar However, while our model predicts similar maximum reheating (~280°C) for all three samples, the results of Metcalf et al. [2009] imply significantly lower maximum reheating (~175°C) for the highest-elevation sample (PY63 from an elevation of 2850 m; Figure 6c ). Such a large difference in the maximum temperature experienced during burial would imply an unrealistically high geothermal gradient of~100°C/km, questioning the validity of the t-T path inferred from sample PY63. As Metcalf et al. [2009] noted, the Ar-release spectrum of this sample was not very well fit by the thermal model. Our models point to an onset of rapid exhumation at around 45 Ma rather than 50 Ma.
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The predicted low-temperature thermochronometric ages generally show a reasonable fit with the observations, except for lower elevation samples from the Axial Zone (Figure 7) . We have therefore included the postorogenic topographic evolution scenario initially proposed by Coney et al. [1996] , using the timing and topographic constraints inferred by Fillon and van der Beek [2012] . According to this model, the southern flank of the Pyrenees was gradually buried in syntectonic sediments by 29 Ma up to an elevation of 2.6 km, before being reexcavated again after 9 Ma. Such burial affects the lower elevation samples significantly while having very little effect on samples from higher elevations. With this scenario, the thermokinematic modeling yielded AFT and AHe ages fitting both the higher-and the lower elevation samples of the Axial Zone reasonably well ( Figure 9 ). It is also consistent with thermal-history models for low-elevation samples derived from track-length data [Metcalf et al., 2009] .
Conclusions
We have presented a method that allows quantitative comparison of orogen kinematics inferred from balanced section restorations with independent thermochronological data sets. We have applied our method to the balanced section restoration presented by Muñoz [1992] and Beaumont et al. [2000] for the Central Pyrenees as a case study. Our structural-kinematic modeling could reproduce the section restoration with high accuracy up to the 36 Ma time slice and with limited accuracy up to the 50 Ma time slice. The thermochronometric ages predicted by the modeling are generally in reasonably good agreement with both the high-and low-temperature thermochronology data available in the Central Pyrenees; hence, we conclude that the restoration is to a first order consistent with these data sets. The high-temperature data suggest a somewhat later onset of underthrusting and rapid exhumation, as well as a somewhat cooler crustal thermal structure, than what we initially imposed. The fit of the low-temperature data improved by taking into account late-stage burial and reexcavation of the southern flank of the Pyrenean wedge using the topographic evolution scenario presented by Fillon and van der Beek [2012] . The method can be applied on section restorations from other orogens as well, with the aim of evaluating the consistency of the restoration with an independent data set. We propose that the method can also be used to improve constraints on the timing of deformation phases along a restored balanced cross section.
